















A B S T R A C T
Absorption of amorphous-Si hydrogenated (aSi-H) solar cells can be enhanced by using dielectric nanostructures
made of Si⁠3N⁠4 that work like antireflection coatings. The analysis focus on the short-circuit current delivered
by the cell under solar irradiance, and it is made taking into account every layer and structure of an aSi-H cell.
A customized design of the antireflection coating in the form of nanostructured dielectric layers, produces a
short-circuit current enhancement of 15.2% with respect to the reference flat solar cell, and a lower reflectiv-
ity of the cell. Three different geometries of linear nanostructures have been analyzed and compared with quite
similar results among them. An improvement in performance has been also obtained for realizable geometrical
dimensions that could be fabricated while maintaining electric conductivity of the front contact.
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1. Introduction
Solar cell technologies are competing among them to improve en-
ergy conversion efficiency at cheaper costs [1]. Multi-junction solar cells
are obtaining the best figures adjusting their band absorption to the so-
lar spectrum [2]. When restricting the analysis to silicon (Si) based so-
lar cells, we find three major options: single-crystalline Si, multi-crys-
talline Si, and amorphous Si hydrogenated (aSi-H). From the efficiency
point of view, single-crystalline Si is the best option [1], but at higher
price and higher manufacture complexity. The low-cost option is repre-
sented by aSi-H solar cells. This material has not an indirect band-gap
limiting the absorption as in crystalline silicon, and therefore it absorbs
better solar radiation. Therefore, around 1 μm layer of aSi-H is thick
enough for this application. Actually, its thickness is limited to about
300 nm by material diffusion length. In this case, light trapping mech-
anisms are important to improve cell performance [3,4]. There exist a
strong activity and interest in improving efficiency and related figures
of merit. As a consequence, the increase in the short-circuit current, J⁠sc,
delivered by the structure is one of the goals of several recent proposals
and ideas. Even moderate improvements of this parameter are of great
interest because they may save materials and space in solar power sta-
tions relying on this technology. Actually, relative increases in the order
of 8–12% have been considered as promising when applied to different
types of solar cells incorporating nanostructures and light trapping
schemes [5–7]. Large increases in efficiency and J⁠sc are reserved for in-
novative materials and disruptive technologies.
One of the problems of aSi-H is its structural instability due to the
appearance of dangling hydrogen bonds. This mechanism is called Stae-
bler-Wronski Effect (SWE), and it is responsible for up to 20% loss in ef-
ficiency because it limits the voltage that could be obtained for aSi-H de-
vices [8]. Fortunately, SWE is reversible with temperature, and defects
generated by light irradiation can be mitigated by thermal annealing.
This works positively for aSi-H solar cells [8–10]. Then, by using light
trapping and confinement strategies, besides improving efficiency, it is
possible to increase absorption, generate heat, raise temperature, and
partially repair the SWE damage. Several light trapping schemes have
been proposed involving plasmonic gratings [11], antireflection coat-
ings [12], photonic crystals [13], waveguides, and dielectric diffractive
structures [14]. Guided light increases optical path within the active
layer and absorption grows [15]. Si⁠3N⁠4 thin film Anti-Reflection Coat-
ing (ARC) has been positively proved, with optimum thickness values of
60 nm [16,17]. Dielectric subwavelength nanostructures have also been
proposed to enhance efficiency for Si-based solar cells [18–21]. In some
cases, the proposed structures have been fabricated and realized in prac-
tice. The feasibility of fabrication has been also a main concern when
considering different geometries and materials in this contribution,
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because large improvements in the performance of the cell can be ob-
tained if fabrication constrains are not fully considered [22].
This paper analyzes the design of Si⁠3N⁠4 subwavelength nanostruc-
tures that work as an ARC, and also traps light towards the aSi-H active
layer. This study is made using Comsol Multiphysics as a computational
electromagnetism package. The results are positively tested and com-
pared with previous experimental works and modeled designs. The pro-
posed design increases the short-circuit current obtained previously and
takes into account all the elements in the structure, and some thickness
constrains about the front contact deposition. By considering the whole
multilayer structure of the cell we improve the reliability of the results
with respect to the case of considering only absorption at the active in-
trinsic aSi-H layer [22]. The capability to analyze absorption at every
layer makes it possible to quantify the amount of energy that, although
is not converted into electric power, can still be useful to heat the device
and help to mitigate the SWE. Besides, we analyze the effect of the thick-
ness of the front contact layer. This is of importance when proposing
ultra-thin front-contact ITO (indium tin oxide) layers that could com-
promise its electric conductivity. Along the paper we have paid special
attention to both absorption, caused by trapping at the proposed nanos-
tructured front layer, and reflectance of the whole cell, which has been
reduced with respect to previous reported results [23]. Section 2 of this
paper evaluates the contributions of the individual layers of aSi-H solar
cell, including the analysis of an optimized flat ARC that combines ITO
and Si⁠3N⁠4. Section 3 presents the main results of the paper when arrang-
ing a Si⁠3N⁠4 nanostructured ARC layer on top of optimum and realizable
ITO layers. The results from the numerical evaluation are compared to
the reference solar cell. Finally, Section 4 summarizes the main conclu-
sions of this contribution.
2. Amorphous-Si-H solar cells
A full characterization of a solar cell begins with the description
of the material and geometric arrangement of its structure (see Fig.
1a). Our starting point is the flat configuration aSi-H thin film so-
lar cell ([24]) with the following layer structure (bottom-to-top): Ag
(200 nm)/AZO (100 nm)/n-aSi-H (22.4 nm)/i-aSi-H (350.5 nm)/
p-aSi-H (17.5 nm)/ITO (70 nm). n-aSi-H and p-aSi-H are buffer layers
that adjust electric field for photo-generated charge carrier separation.
The active layer is the i-aSi-H layer, and AZO means ZnO:Al. The re-
fractive index for the i-aSi-H and ITO are obtained from SOPRA ma-
terial database [25], the refractive index for Ag and Si⁠3N⁠4 are ob-
tained from [26], and the refractive index for n, p aSi-H and AZO
are obtained from [27,28]. Instead of focusing only on the intrinsic ac-
tive i-aSi-H layer [22], in this paper we have always considered every
layer in the solar cell structure. Actually, the thickness of the i-aSi-H
active layer is relevant in the overall performance of the cell [29–31].
Larger thickness means larger absorption within the band gap of the ma-
terial, specially at longer wavelengths. However, this increase reaches
an asymptotic value, meaning that a thicker active layer does not pro-
duce a significant larger absorption. Table 1 shows the total absorbed
power irradiance as a function of thickness of the i-aSi-H active layer.
At the same time, the role of the other auxiliary layers should be con-
sidered when evaluating the performance of the whole cell and the ab-
sorption at the active layer.
Absorption rate is defined as the ratio of absorbed power to incident
power, and can be used to calculate the absorptance in each individual
layer of the cell by integrating over the volume of each layer. The spec-
tral absorption rate can be calculated as:
(1)
where ω is the angular frequency of the incoming radiation, is the
imaginary part of the dielectric permittivity of the material, and
is the electric field. As far as we are interested in optical losses in the
i-aSi-H layer for an incoming broad-band radiation, we evaluate the ab-
sorbed power as:
(2)
where is the solar spectral irradiance as a function of fre-
quency [32]. Although Eqs. (1) and (2) are given in terms of the angular
frequency, our results will be expressed using wavelength, λ. In a solar
cell we are primarily interested in knowing the short-circuit current, J⁠sc,
circulating through the structure for a given solar irradiance. This pa-
rameter is the one that we need to optimize in a solar cell structure.
Assuming that each absorbed photon will create an electron-hole pair
contributing to the short-circuit current, J⁠sc can be given in terms of the
wavelength as:
(3)
where q is the electron charge, c is the speed of light in vacuum, and h
is the Plancks constant.
To better understand the role of each layer, we have evaluated
the individual spectral absorption of them for the reference solar cell
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Table 1
Total absorbed power irradiance in i-aSi-H layer for different thicknesses.
Thickness [nm] 100 200 300 500 1000
Absorbed irradiance
[W m⁠2]
183 225 243 251 266
structure of Fig. 1a. The results are given in Fig. 1b. We may see that,
as expected, most of the power is absorbed at the i-aSi-H active layer.
However, we can already see how ITO is taking power at longer wave-
lengths and p-aSi-H buffer layer is also strongly absorbing at shorter
wavelengths. The rest of the layers contribute much less to the total ab-
sorption, mainly because the amount of optical power reaching layers
below the i-aSi-H layer is very little.
An improvement in performance is obtained by using an optimized
double-layer antireflection coating made of 10 nm-thick ITO and
60 nm-thick Si⁠3N⁠4. This geometry enhances optical absorption in both
p- and i-aSi-H layers. This ARC also increases the short-circuit current,
J⁠sc, from 14.35 mA/cm⁠2 for an reference cell (70 nm-thick ITO layer),
to 15.54 mA/cm⁠2 for the cell with this optimized double ARC, which is
about 8.3% enhancement. In Fig. 2a and b we can see how the improve-
ment appears a every wavelength both for the i-aSi-H layer and the total
structure. The main issue with this double-layer ARC is the increase in
electric resistivity of a 10 nm-thick ITO layer. This could compromise
its capability to work as a front contact. Besides, these structures need
complex ultra-thin fabrication techniques [33,34].
3. Dielectric nanostructures for aSi-H cells
In the previous section we have evaluated the individual contribu-
tions of the layers of a reference aSi-H solar cell. Besides, we have
seen how an optimized Si⁠3N⁠4/ITO ARC improves the performance of so-
lar cells. In this section, we now analyze the use of dielectric nanos-
tructures made of Si⁠3N⁠4. These nanostructures, when properly arranged
and deposited on top of the ITO layer, increase J⁠sc. To demonstrate
that, we have selected a simple grating geometry (see Fig. 3a), being
H the height of the groove, w its width and s its separation (the pe-
riod of the grating is ). H is fixed at a value of 60 nm.
To better compare the results with previous results, we set the thick-
ness of the ITO layer to 10 nm. Besides the rectangular profile of the
grating, we have also considered a trapezoidal and triangular shape
with parameters tw and bw. When evaluating the electromagnetic be-
havior of this structure we find that, at some resonant
wavelengths, Poynting vector inside the active layer is enhanced when
using the proposed dielectric nanostructures (see Fig. 3b). These reso-
nances also appear as peaks in the spectral absorption (see Fig. 2). The
rectangular structure can be fabricated by evaporating Si⁠3N⁠4, or by etch-
ing a 60 nm-thick flat Si⁠3N⁠4 layer, along the predefined pattern. Trape-
zoidal profiles could be fabricated with the same nanoimprinting tech-
nology applied to Blu-Ray disc manufacture [35].
The optimization of the proposed nanostructured ARC layer is made
by maximizing the short-circuit current, J⁠sc, when varying w and s for
the rectangular shape case. The increase in J⁠sc is due to the trapping
of light caused by the nanostructure (see Poynting vector maps in Fig.
3b). Fig. 4a shows as a map, the value of J⁠sc in terms of w and s geo-
metrical parameters, maintaining H=60 nm. We may check that a max-
imum value of J⁠sc=16.54 mA/cm⁠2 is obtained when w=250 nm and
s=150 nm (p=400 nm). This value is 15.2% larger than the reported
value of 14.35 mA/cm⁠2 corresponding to the reference aSi-H cell, and
even 6.3% larger than the J⁠sc obtained for an optimized double layer
(Si⁠3N⁠4/ITO) ARC. This design will be considered as optimal for rectan-
gular shape nanostructured ARC. From Fig. 4a, we can see that, al-
though we have selected the point where J⁠sc is reaching a maximum
value, it is possible to find quite similar values combining geometric
parameters properly. This behavior makes it possible to select those
parameters taking into account fabrication constrains. The optimiza-
tion was made using TE polarization. We have checked that TE and
TM polarization behave very similarly. As far as the solar cells work
with natural light, in the following we will average the results obtained
from TE and TM polarization states. By using the transverse parameters
that optimize the nano-rectangular structure (w=250 nm, s=150 nm),
we have also optimized the other two nanostructures (triangular, and
trapezoidal) by varying H. The results are presented in Fig. 4b and
show that similar values of J⁠sc to those obtained for a nano-rectangular
shape, can be achieved when using other geometries. Therefore, more
light is arriving to the active i-aSi-H layer when using a nanostruc-
tured ARC. This is proved by evaluating absorption only at the i-aSi-H
layer spectrally, but having all the layers modeled and considered. In
Fig. 2a, we can clearly see how optimized nanostructured devices ab-
sorb more than flat solar cells along the whole spectral range. Those
absorption peaks appearing at 718 nm and 740 nm correspond to the
trapping model shown in Fig. 3b. The total spectral absorption of the
reference cell, the flat ARC cell, and the optimum nanostructured ARC
cell, are shown in Fig. 2b. It is also interesting to compare the total ab-
sorbed power of the reference solar cell (471.2 W/m⁠2), the double-layer
flat ARC (426.2 W/m⁠2), and the optimized rectangular nanostructured
ARC (474.1 W/m⁠2). We may see that nanostructured ARC recovers the
Fig. 2. Spectral absorptance at the i-aSi-H layer (a), and total spectral absortion of the whole cell (b) for three cases: Standard aSi-H cell (used as reference), aSi-H cell having a
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Fig. 3. (a) Diagram for the patterned cell showing the profile of the nanostructure and their geometric parameters. (b) Maps of the Poynting vector at two wavelengths for the reference,
and optimized flat ARC, and for the three proposed shapes of the nanostructured ARC (triangle, trapezoid, and rectangle). The wavelengths showing this trapping correspond with the
absorption peaks shown in Fig. 2.
value of total absorption of the reference cell. At this point we should re-
member that increasing absorption helps to heat the cell, and this ther-
mal dissipation improves the repairing effect of those damages caused
by SWE [8].
3.1. Reflectivity
Reflectivity is another important parameter describing how these
nanostructures work. Fig. 5 shows reflectivity for the optimum designs
analyzed in this paper. Comparing the results for absorption reported
in Fig. 2a for the reference cell and the flat double-layer ARC with
those given in Fig. 5, we may see that, although absorption at the
i-aSi-H layer is enhanced when using ARC, reflectivity is about the
same for these two designs. This means that light is better trapped
at the i-aSi-H layer when ARC is in place. At the same time, the
ITO thickness reduction (from 70 nm to 10 nm) of the double-layer
flat ARC contributes to lower absorption within the ITO layer. This
also means that when using a nanostructured ARC having an ultra-
thin 10 nm-thick ITO layer, reflectivity is significantly lower
within a broad-band region (300–500 nm) than for the double-layer flat
ARC, and the reference solar cell (see Fig. 5).
As an additional remark to emphasize the goodness of the proposed
nanostructures designs, we show in Table 2 the reflectivity values for
the optimum designs obtained previously, for two different spectral
ranges. The range between 300 nm and 700 nm describes the spectral
region where the photovoltaic conversion occurs. The extended range
between 300 nm and 900 nm includes the near infrared where absorbed
light is better absorbed as heat. Also in this region reflectivity is lower
for the nanostructured case meaning larger absorption contributing to
repair SWE damage. Previously reported values of reflectance for an-
tireflection coatings in solar cells are around 25% [23]. The total re-
flectance obtained by the optimized proposed nanostructure is around
20%, improving absorption on the cell structure.
3.2. Thickness of the ITO layer
When describing the double-layer flat ARC structure we were con-
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Fig. 4. (a) Map of the value of J⁠sc as a function of the geometric parameters w and s. (b) Parametric dependence of J⁠sc when varying H for different ARC designs, including the flat ARC
with no nanostructures.
Fig. 5. Spectral reflectivity for the optimum designs analyzed in this paper.
Table 2
Total reflectivity for the proposed designs in two spectral ranges. The number in parenthe-
sis correspond with the relative change with respect to the standard reference cell.
Structure % %
[300–700 nm] [300–900 nm]
Reference cell 6.40 31.24
Flat ARC 5.66 (−11.56) 24.02 (−23.11)
Nano-rectangular 3.34 (−47.81) 20.64 (−33.93)
Nano-trapezoidal 3.24 (−49.38) 20.34 (−34.89)
Nano-triangular 3.45 (−46.09) 20.50 (−34.38)
tures are optimized by using a very thin ITO layer of about 10 nm.
For a nanostructured ARC described previously, the dielectric grating is
patterned on top of this ITO layer. However, this ultra-thin ITO layer
may compromise the electrical performance of the device, and requires
special care to homogenize the finishing quality of the ITO layer. A
more reliable thickness value, that maintains good optical and electri-
cal properties in reference solar cells, is around 35–40 nm [34]. Us-
ing a 40 nm-thick ITO layer, we have performed an optimization and
comparison of the three grating geometries presented here: rectangu-
lar, trapezoidal, and triangular. The results, in terms of J⁠sc, are given
in Table 3. In this table we have also reported J⁠sc for a solar cell hav-
ing a double Si⁠3N⁠4/ITO ARC with a non-optimal ITO thickness of 40 nm
as a double-layer flat ARC with better fabrication parameters. The ref-
erence value of 14.35 mA/cm⁠2 for an reference aSi-H cell is surpassed
when adding the optimized nanostructure. When analyzing the spec-
tral absorption at the i-aSi-H layer (see Fig. 6a), and reflectivity of the
whole structure (see Fig. 6b), we see how reflection is reduced as ab-
sorption increases. This means a larger number of generated free carri-
ers that improves current, and a larger absorption within the structure
that increases temperature and helps to mitigate SWE damage. In Fig.
6c we have also included a power budget of how absorption is distrib-
uted among the layers of the cell for different cases. This graphical rep-
resentation shows how the thickness of ITO layer strongly changes the
portion of energy absorbed at the front contact.
After comparing these designs for a fixed ITO thickness, we have
performed an analysis in terms of the ITO thickness for the optimum
ARC proposed in this paper, taking J⁠sc as the parameter of interest. Fig.
7a shows the three optimum nanostructure shapes behaving better than
double-layer flat ARC for every ITO thickness. At the same time, if we
consider the nanostructures having a common value of its thickness,
H=60 nm, it is still possible to generate a larger current for thickness
values around 20–30 nm. Actually, triangular nanostructures on top of
a 30 nm-thick ITO layer produces a value of
Table 3
Short-circuit current, J⁠sc, for the nanostructured design when using a 40 nm-thick ITO layer for all the cases, except for the reference solar cell where the ITO layer is 70 nm thick (Ref).
Structure Nano-triangle ARC Nano-trapezoid ARC Nano-rectangle ARC Flat ARC Ref
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Fig. 6. (a) Spectral absorptance at the i-aSi-H layer. (b) Total spectral absorption. (c)
Power budget distribution among the layers of the cell for various designs. The black dot-
ted line is for the optimized double layer ARC with 40 nm-thick ITO layer. The black solid
line is for the optimized nanostructured ARC with a 40 nm-thick ITO layer.
mA/cm⁠2, very close to the optimized value of 16.54 mA/cm⁠2
when rectangular nanostructures are used, and 11.5% larger than that
of the reference cell. This means that, by changing the geometry of the
profile we can compensate for the loss in performance due to a thicker
ITO layer. Fig. 7 also determines the practical limits for each structure
depending on the minimum practical ITO thickness that could achieve
the maximum enhancement.
4. Conclusions
The fabrication technology and material preparation of aSi-H cells
are simpler and comparatively cheaper than high-performance solar
cells. Because of that, we have analyzed aSi-H cells to enhance their
performance. One of the improvements that have been proposed is
the customization of antireflection coatings that use front contact ITO
layer and a dielectric material on top of it, as for example Si⁠3N⁠4.
A subwavelength nanostructure written on this dielectric material, in
combination with the ITO front contact layer, increases significantly
the delivered short-circuit current. To ease fabrication
we have restricted the nanostructuring to be along one dimension. Then,
the 3D structure can be seen as an extruded 2D profile. The geome-
try of this dielectric nanostructured layer can be fabricated using var-
ious techniques such as nano-imprint lithography, ultraviolet lithogra-
phy, besides e-beam lithography. When using a rectangular shaped pro-
file, we can obtain the desired structure by etching grooves on a flat
Si⁠3N⁠4 layer.
Our analysis has focused on the maximization of the short-circuit
current delivered by the cell. We have taken into account every layer
of the cell: top and bottom contacts, n, p, and i-aSi-H layers, and even
buffer layers. By doing this, the results are more reliable and flexible to
account for variations of the inner structure of the cell. Besides, with
this approach we could evaluate the contribution of every single layer
of the cell. These auxiliary layers share some of the enhancement of
the optimized structure, and commonly they are not fully considered.
However, when total absorption is evaluated, every layer contributes to
heat dissipation that helps to repair damages caused by SWE. Our re-
sults show how dielectric nanostructures can lower reflectivity and in-
crease absorptance within the active i-aSi-H layer, modifying the power
budget distribution between layers. An optimum configuration of Si⁠3N⁠4
subwavelength grating structures increases short-circuit current 15.2%
with respect to a reference aSi-H solar cell. Enhancement is still signif-
icant when compared with a solar cell having an optimized non-struc-
tured double ARC. Although the increase in performance, given by the
enhancement of the short-circuit current, J⁠sc, could be considered mod-
erate, this value is higher than some other geometries proposed in the
literature that range around 8–12%. Besides absorption at the intrinsic
layer, we have also evaluated the total reflectance of the cell, obtain-
ing values for this parameter around 20% that is lower than some other
optimized antirrreflection coatings that account for reflectance values
around 25%. Therefore, the proposed structure means better absorption
and improved performance.
Some of the proposed designs use ultra-thin ITO layer that need care-
ful fabrication and may compromise the electric behavior of this front
contact. This fact has been taken into account in this paper by ana-
lyzing the effect of a feasible, although non-optimal, thickness of this
layer in conjunction with deposition of a thin Si⁠3N⁠4 layer. Even in this
case, nanostructured ARC improves the value of the short-circuit current
around 11.5% for a trapezoidal grating on a 30 nm ITO layer.
Summarizing the findings of this paper, we have seen that by nanos-
tructuring a front dielectric layer on top of t aSi-H solar cells, it is
possible to improve significantly the performance of aSi-H solar cells.
Besides, we have found how incoming energy is distributed along the
structure of the cell, allowing a better knowledge of the contribution of
each layer. Computational electromagnetism has been used here to an-
alyze how light is guided into the active layer, revealing spectral reso-
nances due to light interaction with dielectric nanostructures. This con-
tribution shows how it is still possible to improve a well-established de-
sign by using auxiliary nanostructures properly optimized.
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Fig. 7. Short-circuit current, J⁠sc, for different structures as a function of the ITO thickness. (a) Optimized nanostructures behave better for every value of the ITO thickness. (b) Optimized
nanostructures with a fixed value of H=60 nm for triangular and trapezoidal geometries. In this case, depending on the profile geometry the system behaves better for a given optimum
value of the thickness of the ITO layer.
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